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ABSTRACT
Human polynucleotide phosphorylase (hPNPase) is
a3 0-to-50 exoribonuclease that degrades specific
mRNA and miRNA, and imports RNA into
mitochondria, and thus regulates diverse physio-
logical processes, including cellular senescence
and homeostasis. However, the RNA-processing
mechanism by hPNPase, particularly how RNA is
bound via its various domains, remains obscure.
Here, we report the crystal structure of an S1
domain-truncated hPNPase at a resolution of 2.1A ˚ .
The trimeric hPNPase has a hexameric ring-like
structure formed by six RNase PH domains,
capped with a trimeric KH pore. Our biochemical
and mutagenesis studies suggest that the S1
domain is not critical for RNA binding, and con-
versely, that the conserved GXXG motif in the KH
domain directly participates in RNA binding in
hPNPase. Our studies thus provide structural and
functional insights into hPNPase, which uses a KH
pore to trap a long RNA 30 tail that is further de-
livered into an RNase PH channel for the degrad-
ation process. Structural RNA with short 30 tails
are, on the other hand, transported but not
digested by hPNPase.
INTRODUCTION
Polynucleotide phosphorylase (PNPase) is an evolution-
ary conserved 30-to-50 exoribonuclease that plays a key
role in RNA processing and turnover in various species,
ranging from bacteria, worms and plants to mammals
(1–4). PNPase catalyzes the processive phosphorolysis of
RNA by using an inorganic phosphate to cleave the
phosphodiester linkage at the 30-end of a RNA chain,
thus generating nucleoside diphosphates as cleavage
products. Bacterial PNPase participates not only in
stable RNA maturation but also plays a pivotal role in
mRNA turnover (5–7). The fact that plant PNPase
contains an extra chloroplast signal peptide whereas mam-
malian PNPase possesses an extra mitochondrial signal
peptide at the N-terminus suggests that the different
PNPases target to chloroplasts and mitochondria, respect-
ively (8).
Interestingly, human PNPase (hPNPase) has diversiﬁed
functions not only in mitochondria but also in the cyto-
plasm (9). The gene encoding hPNPase (hPNPase
old-35)
was ﬁrst identiﬁed as one of the upregulated genes in the
process of terminal differentiation and cellular senescence
(10,11). hPNPase is ubiquitously expressed in normal
tissues and is further induced by type I interferons
(IFN-a and IFN-b) to degrade speciﬁcally c-myc
mRNA, as well as a subset of microRNAs, and to
regulate cell growth arrest and apoptosis (12–14). As a
result, the over expression of this RNA-metabolizing
enzyme is associated with growth inhibition and some
pathological changes that occur during aging, such as in-
ﬂammation (15,16). On the other hand, in mitochondria,
hPNPase is located primarily in the intermembrane space
and is involved in mitochondrial RNA processing and
homeostasis (17). Moreover, hPNPase was demonstrated
to have an unanticipated role in RNA translocation, as it
imports RNAs, such as RNase P, 5S rRNA and mito-
chondrial RNA processing (MRP) RNAs, from the
cytosol to mitochondria (18,19). hPNPase also interacts
and forms a complex with SUV3 helicase located in the
mitochondrial matrix to cooperatively degrade mitochon-
drial double-stranded RNA (20,21). Therefore, hPNPase
has multiple functions in RNA degradation and transloca-
tion in the cytosol and mitochondria that are associated
with its prominent role in regulating diverse physiological
and pathological processes.
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structures with one a-helical, one KH, one S1 and two
RNase PH domains (Figure 1A) (22). The previously
reported crystal structures of two bacterial PNPases
show a trimeric architecture with six RNase PH domains
assembled into a hexameric ring-like conformation con-
taining a central channel for RNA binding and degrad-
ation (23–25). The S1 and KH domains, which are
presumably responsible for RNA binding, are disordered
in these structures with only partially visible backbones. It
was noted that the architecture of these PNPases is similar
to those of exosomes which are large protein complexes
participating in RNA processing and degradation in
archaea and eukaryotes (26–28). The archaeal and
human exosome cores contain nine proteins with six
RNase PH-like proteins that form a similar hexameric
ring-like structure and three S1/KH domain-containing
proteins that form an S1 pore associate on the top of
the ring (29–31). Current models for RNA degradation
by a PNPase propose that the RNA substrates are
bound by the S1 domain and/or the KH domain and are
further threaded into the central channel, within which the
active site is situated in the second RNase PH domain
(23,26). Previous mutational studies showed that the
deletion of KH and S1 domains reduces the RNA
binding and cleavage activities of bacterial PNPase
(24,32,33). Nevertheless, the presence of the KH and S1
domains in hPNPase seems less critical for its activity in
inducing the senescence phenotype (11).
To further characterize the molecular basis and deﬁne
the domain function of PNPase for RNA binding and
degradation, we analyzed the structure and biochemical
properties of hPNPase. We have puriﬁed deletion
mutants of hPNPase and determined the crystal structure
of an S1 domain-truncated hPNPase (residues 46–669,
see Figure 1A) at a resolution of 2.1A ˚ . We found that
hPNPase assembled into a trimeric ring structure in
which the three KH domains form an RNA-binding
pore situated on the top of the structure. Our mutational
and biochemical studies further conﬁrmed that the KH
domain in hPNPase, but not the S1 domain, is important
for RNA binding and turnover. PNPase therefore has a
unique arrangement with regard to RNA binding as
compared to exosomes, their structural homologues. The
pore formed by KH domain extends the length of the
central RNA-binding channel in hPNPase, thus suggest-
ing that only structured RNA with long 30 tails can be
bound and degraded in this channel. This study provides
a solid structural model of hPNPase for in-depth under-
standing of this intriguing enzyme that contribute to RNA
translocation and degradation in various cellular
processes.
MATERIALS AND METHODS
Cloning, protein expression and puriﬁcation
The genes of full-length hPNPase (residues 46–783) and
S1 hPNPase (residues 46–669) were ampliﬁed by PCR
using Taq DNA polymerase (Stratagene) and subcloned
into the NheI/SalI sites of expression vector pET28a
(Novagen) to generate N-terminal His-tagged constructs.
The G622D mutant of hPNPase was generated by using
the QuickChange site-directed mutagenesis kit
(Stratagene).
Single colonies of the Escherichia coli strain
BL21-CodonPlus (DE3)-RIPL (Stratagene) transformed
with full-length hPNPase or S1 hPNPase plasmids
were incubated at 37 C overnight in 10ml LB medium
supplemented with 35mg/ml kanamycin, 35mg/ml strepto-
mycin and 25mg/ml chloramphenicol. The cultures were
Figure 1. Recombinant human PNPase is a trimeric phosphorylase capable of digesting RNA. (A) Domain organization of full-length (FL) and S1
domain-truncated (S1) hPNPase. (B) Purity of full-length and S1 hPNPase, as analyzed by 10% SDS–PAGE. (C) The gel ﬁltration (Superdex
200) proﬁle of full-length hPNPase shows that the enzyme was eluted as a trimeric protein. Protein markers: ferritin (440kDa), catalase (232kDa),
aldolase (158kDa) and conalbumin (75kDa). (D) The full-length hPNPase (0.2mM) was incubated for 30min at 37 C with isotope-labeled 12-mer
poly(A) ssRNA. In the presence of both magnesium and phosphate ions, hPNPase cleaved RNA most efﬁciently.
Nucleic Acids Research,2012, Vol.40, No. 9 4147grown to an OD600 of 0.6 and then induced with 0.5mM
IPTG at 18 C for 20h. The harvested cells were disrupted
by a microﬂuidizer in buffer containing 50mM Tris (pH
8.0), 300mM NaCl and 10mM imidazole. Crude cell
extracts were ﬁrst loaded onto a Ni-NTA resin afﬁnity
column (QIAGEN) followed by a HiTrap Heparin (GE
Healthcare) and a Superdex 200 gel ﬁltration column (GE
Healthcare) in 50mM Tris (pH 8.0) and 150mM NaCl.
Puriﬁed protein samples were concentrated to suitable
concentrations and stored at  20 C until use.
Nuclease activity assays
The RNA substrate was ﬁrst labeled at its 50-end with
[g-
32P]ATP using T4 polynucleotide kinase and then
puriﬁed on a Microspin G-25 column (GE Healthcare)
to remove the free nucleotide. The RNA substrate
(0.1pmol) was then incubated for 30min at 37 C with
different concentrations of hPNPase (0.1–0.8mM) in a
reaction buffer containing 10mM Tris (pH 8.0), 50mM
KCl, 1mM DTT, 1mM MgCl2 and 0.5mM NaH2PO4.
After incubation, the reaction was stopped by adding 2 
TBE–Urea sample buffer (Bio-Rad). Samples were then
separated on 20% polyacrylamide/7M urea gels, which
were exposed to a phosphor imaging plate (Fujiﬁlm) and
analyzed by autoradiography (FLA-5000, Fujiﬁlm).
RNA-binding assays
Electrophoretic mobility shift assays (EMSA) were per-
formed by incubating 0.1pmol of 50-end
32P-labeled
ssRNA substrate with hPNPase at various concentrations
ranging from 1 to 16mM on ice for 30min. The binding
buffer contained 10mM Tris (pH 8.0), 50mM KCl, 1mM
DTT and 10mM EDTA. After incubation, reaction
products were resolved on 20% TBE gels (Invitrogen)
and visualized by autoradiography (FLA-5000, Fujiﬁlm).
Crystallization and crystal structure determination
S1 hPNPase was concentrated to 10mg/ml in buffer of
50mM Tris (pH 8.0) and 150mM NaCl. Crystals of S1
hPNPase were grown by the hanging-drop vapor diffusion
method at room temperature. The crystallization drop was
made by mixing 1ml of protein solution and 1ml of reser-
voir solution containing 0.1M citrate buffer (pH 5.0),
10% (v/v) 2-propanol and 26% (v/v) polyethylene glycol
400. X-ray diffraction data were collected at 100K from
beamline BL-13C1 at the National Synchrotron Radiation
Research Center, Hsinchu, Taiwan, and processed and
scaled by using the HKL2000 program. The structure
was solved by the molecular replacement method using
the crystal structure of E. coli PNPase (PDB entry:
3GCM) as the searching model in the program
MOLREP of CCP4. The structure model was built using
Coot and reﬁned in Phenix. All diffraction and reﬁnement
statistics are listed in Table 1. Structural coordinates and
diffraction structure factors of S1 hPNPase have been
deposited in the RCSB Protein Data Bank with the PDB
ID code of 3U1K.
RESULTS
hPNPase is a trimeric exoribonuclease digesting
ssRNA up to  4nt
Full-length His-tagged hPNPase (residues 46–783) and an
S1 domain-truncated (S1) hPNPase (residues 46–669)
without the N-terminal mitochondrial localization
sequence (residues 1–45) were overexpressed in E. coli
(Figure 1A). The recombinant proteins were puriﬁed by
chromatographic methods using a Ni-NTA resin afﬁnity
column, followed by using a HiTrap Heparin and a
Superdex 200 gel ﬁltration column. The puriﬁed
hPNPases had a high homogeneity, with only minute
amounts of degraded fragments, as analyzed by 10%
SDS–PAGE (Figure 1B). The gel ﬁltration proﬁle of the
puriﬁed protein revealed one major peak with an
estimated molecular weight of  240kDa (Figure 1C).
Because hPNPase has a theoretical molecular weight of
80.9kDa, this result indicates a trimeric conformation of
hPNPase.
To test whether the full-length recombinant hPNPase
was functional, the protein was incubated with
32P-labeled single-stranded RNA [poly(A)12]i nt h e
presence or absence of phosphate and magnesium ions.
The nuclease assays showed that hPNPase digested
ssRNA most efﬁciently in the presence of both magnesium
and phosphate ions and generated end products of 3–5nt
(Figure 1D), thereby conﬁrming that the recombinant
enzyme was a Mg
2+-dependent phosphorylase. Taken
together, these results showed that the recombinant
hPNPase was a functional trimeric phosphorylase
capable of digesting single-stranded RNA to produce
ﬁnal products  4nt in length.
Crystal structure of "S1 hPNPase
Both full-length and S1 hPNPase were screened for crys-
tallization conditions; however, only S1 hPNPase
yielded well-ordered crystals that diffracted X-rays to a
resolution of 2.1A ˚ . The deletion mutant crystallized in
Table 1. X-ray data collection and reﬁnement statistics for S1
hPNPase
Data collection statistics
Wavelength (A ˚ ) 1.0
Space group R3
Cell dimensions (a, b, c) (A ˚ ) 289.8, 289.8, 92.8
Resolution (A ˚ ) 30–2.1 (2.2–2.1)*
Observed/unique reﬂections 520863/162293
Data redundancy 3.2 (3.1)
Completeness (%) 100 (100)
Rsym (%) 4.6 (31.1)
I/s(I) 30.9 (4.7)
Reﬁnement statistics
Resolution range 30–2.1
Reﬂections (work/test) 162282/8129
R-work/R-free (%) 18.0/22.3
Number of atoms (protein/water) 19033/1153
Average B-factor (protein/solvent) (A ˚ 2) 42.4/43.4
RMSD in bond length (A ˚ )/bond angle ( ) 0.007/1.071
*Values in parentheses refer to the highest resolution shell.
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per asymmetric unit. The structure was solved by molecu-
lar replacement using the crystal structure of E. coli
PNPase (PDB entry: 3GCM) as the searching model.
Two types of trimers were packed in the rhombohedral
unit cell, one with a crystallographic 3-fold axis and one
without. Because the two types of trimers had almost iden-
tical structures (average RMSD: 0.35A ˚ for 1672 Ca
atoms), the trimer without the 3-fold crystallographic
symmetry was used for structural analysis thereafter.
The X-ray data collection and reﬁnement statistics for
S1 hPNPase are listed in Table 1.
Each monomeric subunit of S1 hPNPase in the crystal
structure contained two visible RNase PH domains, one
a-helical domain, one C-terminal KH domain and two
citrate ions originating from the crystallization buffer
(Figure 2A). In the trimeric S1 hPNPase, the six
RNase PH domains assembled into a ring-like structure
with a central channel for RNA binding and cleavage
(Figure 2B). The two citrates were bound in the
RNA-binding channel near the active site in the second
RNase PH domain of hPNPase, which displayed a
geometry similar to those found in E. coli PNPase (25).
The residues Arg446, Ser484, Asp538 and Asp544, which
are critical for the phosphorylase activity of hPNPase as
identiﬁed by previous site-directed mutagenesis studies
(34), were located closely to the bound citrates, thus sug-
gesting that the citrate ions were bound at the active site
(see Figure 2D).
The three KH domains are located on the top of the
ring forming a novel KH pore. The top view of the
trimeric hPNPase shows clearly that the KH domain is
associated with the ﬁrst RNase PH domain of the
adjacent monomer (Figure 2B). This result implies that
the KH domain contributes to trimer formation and sta-
bilization by interacting not only with the two other KH
domains but also with the RNase PH domain in the neigh-
boring molecule. In the crystal structure of E. coli PNPase,
the C-terminal KH and S1 domains were not visible,
whereas in the crystal structure of Streptomyces
antibioticus PNPase, the KH and S1 domains were par-
tially ordered and modeled as a poly-alanine chain.
Superimposition of S1 hPNPase with S. antibioticus
PNPase (PDB entry 1E3P) and E. coli PNPase (PDB
entry 3CDI) in the region of RNase PH domains gave
an average RMSD of 1.38A ˚ for 374 Ca atoms and
1.16A ˚ for 382 Ca atoms, respectively (Figure 2C). This
result shows that the N-terminal RNase PH domains of
hPNPase have a similar overall structure to those of bac-
terial PNPase. However, the C-terminal KH domain of
hPNPase only overlapped partially with the poly-alanine
chain in S. antibioticus PNPase. We further constructed a
structural model of the full-length hPNPase by superim-
position of the structure of S1 hPNPase (PDB entry
3U1K) with those of S. antibioticus PNPase (PDB
entry 1E3P) and S1 domain of E. coli PNPase (PDB
entry 1SRO) (35). The model shows that the S1 domain
is located outside of the KH pore, suggesting that
S1 domain may not be a part of the central pore
(Figure 2E).
A KH pore is formed in hPNPase
Previous structural analysis revealed the presence of an S1
pore for RNA binding in human and archael exosomes
(29–31). Three Rrp4 (or Csl4) subunits form the S1 pore
bound on the top of the hexameric ring in archaeal
exosomes, whereas three RNA-binding proteins, Rrp40,
Rrp4 and Csl4, associate to an open S1 pore in human
exosomes (see Figure 3). In contrast, in hPNPase, the
three KH domains form a KH pore situated on the top
of the hexameric ring-like structure. The KH pore extends
the central channel formed by the RNase PH domains and
therefore is likely involved in the binding of RNA sub-
strates, which are further delivered to the active site
located within the central channel.
The crystal structures of two proteins with a KH
domain bound with RNA have been determined,
neuro-oncological ventral antigen 2 (Nova2) KH3 (PDB
entry 1EC6) and splicing factor 1 (SF1) KH (PDB entry
1K1G) (36,37). Superimposition of the KH domain of
hPNPase with the Nova2 and SF1 KH–RNA complex
structures gave an average RMSD of 1.45A ˚ for 48 Ca
atoms and 3.12A ˚ for 30 Ca atoms, respectively
(Figure 4A and B). This result suggests that the KH
domain in hPNPase has a structure closely resembling
those in Nova2 and SF1. Moreover, the RNA was
bound in a similar manner in the KH domain on the
edge of the a-helix and b-sheet in Nova2 and SF1.
Therefore, a complex model of the hPNPase KH
domain bound with an RNA molecule was built based
on the structure of the Nova2–RNA complex. The
hPNPase KH-RNA model had a 4-nt RNA bound in
the RNA-binding cleft of the KH domain (Figure 4C).
Superimposition of the bound RNA with the trimeric
hPNPase further showed that the RNA substrate ﬁtted
right into the KH pore of the central channel. One of
the three possible models is shown in Figure 4D and E.
The sugar phosphate backbone of the 4-nt RNA in the
KH pore was parallel to the channel direction, with the
30-end pointing inward. This result implies that the RNA
substrate threads through the KH pore to reach the
central channel formed by the RNase PH domains for
degradation.
The C-terminal S1 domain of hPNPase is not critical for
RNA binding and cleavage
Previous structural analysis showed that the S1 domain in
exosomes is involved in RNA binding. However, our
crystal structure analysis suggests that the KH domain
likely plays a dominant role for RNA binding in
hPNPase through formation of a KH pore. To determine
if the S1 domain in hPNPase is involved in RNA binding,
full-length and S1 hPNPase were incubated with
poly(A)12 and poly(U)12 RNA in the absence of phosphate
and magnesium ions. The electrophoretic mobility shift
assay showed that the full-length and S1 hPNPase
bound poly(A)12 and poly(U)12 RNA with similar
afﬁnities. Moreover, S1 hPNPase bound RNA almost
as tightly as full-length hPNPase, thus suggesting that
the S1 domain is not of critical importance for RNA
binding (Figure 5A).
Nucleic Acids Research,2012, Vol.40, No. 9 4149We next tested the nuclease activity of full-length and
S1 hPNPase by incubating poly(A)12 and poly(U)12
RNA with different concentrations of the recombinant
hPNPase in the presence of 1mM Mg
2+ and 0.5mM phos-
phate. Similar to the binding assays, full-length and S1
hPNPase cleaved the poly(A)12 and poly(U)12 RNA with
similar activities and S1 hPNPase cleaved ssRNA sub-
strate almost as efﬁciently as full-length PNPase
(Figure 5B). Together with the binding assays, these
results conﬁrmed that the S1 domain in hPNPase is not
critically important for RNA binding and cleavage.
Moreover, this result is consistent with the earlier report
showing that human PNPase, different from bacterial and
plant chloroplast PNPase, does not bind and degrade
polyadenylated RNA preferentially (34).
hPNPase digests the long 30 tail of structured RNA
The KH pore is constricted and extends the length of the
central RNA-binding channel, suggesting that hPNPase
Figure 2. Crystal structure of S1 hPNPase. (A) The monomeric structure of S1 hPNPase comprises two RNase PH domains (blue and yellow),
an a-helical domain (green) and a KH domain (magenta). Two citrate ions (orange) bound near the active site are displayed in stick models. (B) Side
view and top view of the trimeric S1 hPNPase which assembled into a ring-like structure with a central channel. The three KH domains are located
on the top of the ring, forming a novel RNA-binding KH pore. (C) Superimposition of the structure of S1 hPNPase (PDB entry 3U1K, magenta)
with those of S. antibioticus PNPase (PDB entry 1E3P, yellow) and E. coli PNPase (PDB entry 3CDI, gray). The RNase PH and a-helical domains
matched well; however, the KH domain in hPNPase (marked by a dashed black oval) does not superimpose with the poly-alanine chain in
S. antibioticus PNPase (marked by a dashed red oval). (D) Two citrate ions (stick models in orange) bind at the active site in the second RNase
PH domain in hPNPase. (E) Trimeric and monomeric full-length structural models of hPNPase generated by superimposition of the structure of S1
hPNPase (PDB entry 3U1K) with those of S. antibioticus PNPase (PDB entry 1E3P) and S1 domain of E. coli PNPase (PDB entry 1SRO). Blue,
magenta and yellow represent S1 domain, KH domain and RNase PH domain, respectively.
4150 Nucleic Acids Research, 2012,Vol.40, No. 9likely degrades only the long 30 tail of structured RNA. To
test the substrate speciﬁcity of hPNPase, stem–loop RNA
with different 30 overhangs ranging from 7 to 20nt were
incubated with the enzyme. The duplex RNA with a long
30 overhang of 15 and 20nt were digested by the
full-length and S1 hPNPase (see Figure 5C). It can be
seen clearly that S1 hPNPase generated the major end
products with a 30 overhang of 11–14nt (Figure 5C).
Conversely, the stem–loop RNA with a short 30
overhang of 7 and 10nt were more resistant for digestion.
This result shows that hPNPase can digest the long 30
overhang of a structured RNA up to  12nt.
The KH pore is responsible for RNA binding in hPNPase
A common feature of the KH domain is a GXXG motif
which is located between two a-helices and responsible for
nucleic acid binding (38). Structure-based sequence align-
ment of the KH domain of PNPases showed that the
GXXG motif is highly conserved in PNPase from differ-
ent species (Figure 6A). However, the GXXG motif is not
conserved in Rrp40 and Rrp4 exosome subunits; instead,
they contain another motif, GXNG, with unknown
function located between two b-sheets (Figure 6B). The
GXXG motif of the KH domain is involved in RNA
binding in several proteins, such as NusA and ERA
(39,40). In hPNPase, this GXXG motif is located in a
b-turn region interacting directly with the bound RNA
substrate in the hPNPase–RNA complex model
(Figure 4C). We therefore hypothesized that the GXXG
motif located inside the KH pore of PNPase is involved in
RNA binding.
To test this hypothesis, site-directed mutagenesis was
used to mutate the ﬁrst glycine residue to aspartate
(G622D) in the putative RNA-binding GXXG motif in
hPNPase. The ﬁrst glycine in the GXXG motif has
special backbone dihedral angles (f=74.3  and
c=170.5 ) that are not within the energy-allowed
regions for non-Gly residues. The replacement of Gly622
to Asp may disrupt the b-turn conformation and therefore
interfere with the hydrophobic interactions between
hPNPase and RNA. The gel shift assays showed that the
RNA binding afﬁnity of wild-type full-length hPNPase
was almost completely abolished in the G622D mutant
(Figure 6C). Moreover, the G622D mutant lost most of
its RNA degradation activity as compared to full-length
hPNPase (Figure 6D). Taken together, these results con-
ﬁrmed the hypothesis that the KH pore in hPNPase is
directly involved in RNA binding for RNA degradation.
Figure 3. Comparison of the S1 pore in exosomes and the KH pore in hPNPase. (A) The archaeal exosome (PDB entry 2JE6) has an S1 pore formed
by the three S1 domains of Rrp4 (blue). The human exosome (PDB entry 2NN6) has a more open S1 pore formed by the S1 domains of Rrp4,
Rrp40 and Csl4 (blue). In contrast, human PNPase has a KH pore formed by three KH domains (magenta). (B) Molecular surface representation of
the archaeal exosome, human exosome and human PNPase structures show clearly differences in the arrangement of the domains that form the S1
pore and KH pore in exosomes and hPNPase, respectively. The color code is the same as in panel A: S1 domain in blue, KH domain in magenta,
RNase PH domain in yellow, NTD domain (in Rrp40, Rrp4 and Csl4) in gray and CTD domain (in Csl4) in beige.
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KH pore in PNPase versus S1 pore in exosomes
Here, we report the ﬁrst crystal structure of a PNPase with
a well-ordered KH domain. The crystal structure of
hPNPase shows a typical hexameric RNase PH ring
capped with a novel trimeric KH pore. Our mutational
and biochemical studies further conﬁrmed that the
GXXG motif within the KH domain participates
directly in RNA binding. The KH domain was ﬁrst
described in human heterogeneous nuclear ribo-
nucleoprotein K (hnRNP K), which contains three
copies of the KH domain (41). Subsequently, the KH
domain was found in various RNA-binding proteins,
such as fragile X mental retardation protein (FMRP),
splicing factor 1 (SF1), neuro-oncological ventral
antigen 2 (Nova2), and NusA transcription elongation
factor (36–39,42). Similar to the KH domain, the S1
domain is also considered to be an RNA-binding
domain, with a ﬁve-stranded b-barrel structure originally
identiﬁed in ribosomal protein S1 (43). Many
RNA-binding proteins contain an S1 domain, such as
RNase II, RNase E, RNase R and NusA transcription
elongation factor (44–46).
Figure 4. Structural model of RNA bound at the KH pore of hPNPase. (A) Superimposition of the hPNPase KH domain (magenta) with the KH
domain in the SF1–RNA complex structure (PDB entry 1K1G, beige for SF1 and orange for RNA) gave an average RMSD of 3.12A ˚ for 30 Ca
atoms. (B) Superimposition of the hPNPase KH domain (magenta) with the KH domain in the Nova2–RNA complex structure (PDB entry 1EC6,
gray for Nova2 and orange for RNA) gave an average RMSD of 1.45A ˚ for 48 Ca atoms. (C) Structural model of the KH domain (magenta) of
hPNPase in complex with a single-stranded, 4-nt RNA adapted from Nova2-RNA. The GXXG motif is marked by a dashed circle. (D) Structural
model of the hPNPase–RNA complex. The 4-nt RNA is bound inside the KH pore. (E) A close-up view of the trimeric KH pore in hPNPase bound
with RNA. The 30-end of the RNA points inward into the channel.
4152 Nucleic Acids Research, 2012,Vol.40, No. 9Why does hPNPase have a KH pore for nucleic acid
binding rather than an S1 pore as that found in exosomes?
First, the structure-based sequence alignment of the
PNPase KH domain shows that the GXXG motif is evo-
lutionarily conserved in PNPase. On the contrary, the
GXXG motif is not conserved in exosome subunits, such
as Rrp40 and Rrp4. This observation indicates that the
KH domain in exosome subunits probably does not par-
ticipate in RNA binding; accordingly, the GXXG
sequence appears to have degenerated during evolution.
Second, the human exosome contains six RNase PH
domain-like proteins, Rrp41, Rrp46, Mtr3, Rrp42,
Rrp43 and Rrp45, which form a pseudo-hexameric ring
structure with three S1/KH RNA-binding proteins,
Rrp40, Rrp4 and Csl4, associate on the top of the ring.
Both Rrp40 and Rrp4 have a S1 domain and a KH
domain, whereas Csl4 has only a S1 domain. Similarly,
in archaeal exosomes, three Rrp41 and three Rrp42
form a hexameric ring structure capped with three Rrp4
or Csl4. The RNA-binding protein Rrp4 has an S1
domain and a KH domain, whereas Csl4 has only an S1
domain. Therefore, not all eukaryotic exosome subunits
have a KH domain capable of forming a KH pore for
nucleic acid binding. Hence, exosomes have evolved to
use an S1 pore, whereas PNPase has evolved to use a
KH pore to trap RNA for degradation.
A constricted channel in hPNPase for efﬁcient RNA
binding
In PNPase and exosomes, RNA is bound in the central
channel of the ring-like structures. It is intriguing to
ponder what kind of channel might be more efﬁcient for
RNA binding. A previous study suggests that the KH/S1
domains are not only involved in RNA binding but also in
Figure 5. RNA binding and cleavage assays for full-length (FL) and S1 hPNPase. (A) EMSA assay showing that the RNA substrate binds with a
similar afﬁnity to full-length and S1 hPNPase. The 12-mer poly(A) and poly(U) ssRNA substrate (0.1pmol) was incubated, respectively, with
hPNPase at various concentrations ranging from 1 to 16mM in the absence of phosphate and Mg
2+ ions. (B) The RNase activity of full-length and
S1 hPNPase was examined by incubation of the ssRNA with different concentrations of protein (0.1–0.8mM) for 30min at 37 C. Full-length and
S1 hPNPase exhibited a similar RNase activity. (C) Full-length and S1 hPNPase can digest the long 30 overhang (15 and 20nt) of stem–loop
RNA and generate major products with an overhang of 11–14nt. The stem–loop RNA with a short 30 overhang (7 and 10nt) were more resistant for
digestion. The marker (M) of 20-nt RNA corresponds to the stem–loop region of RNA with an 8-bp duplex and a 4-nt loop. The A0,A 10 and A15
indicate the overhang size of 0, 10 and 15nt, respectively.
Nucleic Acids Research,2012, Vol.40, No. 9 4153the formation of a compact trimer with a constricted
central channel (24). For example, the Sulfolobus
solfataricus exosome Rrp41/Rrp42 core complex has a
wider central channel than the holoenzyme Rrp4/Rrp41/
Rrp42. The central channel of KH/S1 domain-truncated
E. coli PNPase is also larger than that of full-length
protein. Comparing the central channel of three PNPase
structures, we found that E. coli PNPase has the widest
central channel, likely because the KH/S1 domains are not
present, while S. antibioticus PNPase has a more con-
stricted central channel because it has a partially ordered
KH/S1 RNA-binding domain (Figure 7A). Remarkably,
hPNPase has an even more constricted central channel
with two neck regions, one within the KH domain and
one in a region on top of the RNase PH ring (displayed
in red and pink in Figure 7A). We also noticed that the
inactive human exosome has a wide channel, whereas the
active S. solfataricus exosome has a narrow channel with a
constricted neck region (Figure 7B). This result suggests
that the RNA-binding KH domain in PNPase regulates
the size of the channel and therefore in turn regulates the
RNA-binding activity as well as the RNA cleavage
activity of PNPase. A more constricted central channel
appears more efﬁcient for RNA binding and cleavage.
RNA degradation or translocation by hPNPase
It is intriguing why some RNAs, such as RNase P, 5S
rRNA and MRP RNA, are bound and translocated by
hPNPase, whereas some other RNAs, such as c-myc
mRNA, are digested by hPNPase (15,16,18,19). How
does hPNPase distinguish different RNAs and select
some for degradation and others for transportation? The
length of the central channel of hPNPase from the KH
domain to the active site is  60A ˚ , corresponding roughly
to a length of 8nt (Figure 7C). A previous crystal structure
of archaeal exosome in complex with RNA shows that the
active site cavity can harbor 4nt (48,49). Therefore, a 30
overhang of a duplex RNA is likely to be digested by
hPNPase up to 12nt. Indeed, this result is consistent
with our biochemical data which reveal that hPNPase
digests only the long 30 overhang of a duplex RNA up
to  12nt. The narrowest region of the central channel
of hPNPase is only  4A ˚ in diameter, not wide enough
for accommodating single-stranded RNA, hence struc-
tural conformational changes are expected upon RNA
binding. We suggest here that a structured RNA with a
long 30 tail of >12nt is ﬁrst bound to the KH pore and
that binding induces a conformational change in the
narrow neck regions. The RNA is then further threaded
Figure 6. The GXXG motif in the KH domain of PNPase participates in RNA binding. (A) Sequence alignment of the KH domain of PNPase from
different species shows that the GXXG motif is highly conserved. Secondary structure elements are shown on the top, with arrows indicating b-sheets
and cylinders indicating a-helices. The PNPase-speciﬁc GXXG sequences are marked with a box. Sequences listed here include PNPase from Homo
sapiens (Hs), Arabidopsis thaliana (At), Spinacia oleracea (So), E. coli (Ec) and S. antibioticus (Sa). (B) Sequence alignment of the KH domain in
Rrp40 and Rrp4 exosome components shows that the GXXG motif was not conserved. Sequences listed here include components from the following
species: Saccharomyces cerevisiae (Sc), H. sapiens (Hs), S. solfataricus (Ss) and Archaeoglobus fulgidus (Af). (C) EMSA assay showing that the
hPNPase mutant G622D lost its RNA-binding activity in binding a 12-mer poly(A) ssRNA. (D) RNase activity assay showing that the hPNPase
mutant G622D digested the 12-mer poly(A) RNA poorly as compared to wild-type PNPase.
4154 Nucleic Acids Research, 2012,Vol.40, No. 9into the channel to reach the active site in the second
RNase PH domain for degradation (Figure 7C).
Interestingly, the RNAs transported by hPNPase either
have short or no 30 overhangs: 1nt in RNase P RNA (50),
0nt in 5S rRNA (51) and 2nt in MRP RNA (52). Because
their 30 overhangs are too short for being threaded into the
RNA binding pore and cleavage channel, these RNAs
with folded secondary structures are transported but not
digested by hPNPase. How hPNPase binds to these struc-
tural RNA remains unclear. Further structural studies on
PNPase–RNA and PNPase–helicase complexes may
reveal detailed information regarding the interactions of
PNPase with RNA and its partner proteins during RNA
transportation, processing and degradation.
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